The gravitational spin-orbit interaction in the region of the ultrarelativistic orbital velocity of a spinning test particle in the Schwarzschild field is investigated on the basis of the Mathisson-Papapetrou equations. Different indications of an essential increase of this interaction, when the tangential velocity becomes ultrarelativistic, are analysed. The main factor of growth is the square of the relativistic Lorentz -factor. Numerical estimations for a high-energy electron in its path near the Earth's surface and near a neutron star are given. It is stressed that the widely recognised assumption that the deviation of a spinning test particle from the geodesic trajectory is caused by tidal forces is not correct. The real reason for this deviation is the gravitational spin-orbit interaction.
Introduction
The motion of a spinning test particle in a gravitational eld di ers from the geodesic motion. The corresponding equations were obtained by M.Mathisson and A. Papapetrou 1, 2] (see, e.g., 3] concerning the history of the Mathisson-Papapetrou eq. (MPE) investigation). In 4] the physical reason for the deviation of a spinning test particle from the geodesic trajectory was touched. Namely, for motions in a Schwarzschild eld \. . . a sort of interaction energy describing a spin-orbit coupling" 4], p. 262 was pointed out. A more detailed analysis of the gravitational spin-orbit (and spin-spin) interaction was made in 5] . At the same time another version on the nature of forces that de ect the motion of a spinning test particle from the corresponding motion of a test particle without a spin is present in some publications. For example, in 6] one can read that the gradient of a gravitational eld causes a nongeodesic motion of a spinning test particle (see the footnote on page 18 of 6]). We nd the analogous conclusion in the known work 7], exercise 40.8 where tidal forces are discussed in the context of the MPE. After 6, 7] this version was repeated in 8, 9] . In particular, in 8], p. 417 \. . . in a curved spacetime spinning test particles do not follow geodesics because in relativity a spinning particle has to have a nite extension so that it feels tidal forces".
The correct identi cation of forces deviating a spinning test particle from the geodesic trajectory is very important for the prediction of physical consequences of the MPE. If one supposes that these forces have the tidal nature, then the spin of a test particle is able only slightly to deform the world line and there are only two situations where the tidal forces might become important: for rapidly spinning neutron stars and for electron outside a body at the late stage of a gravitational collapse 7], p. 1121.
However, in 10,11] we showed that the widely recognized assumption as to the tidal forces as the reason for the deviation of a spinning test particle from the geodesic trajectory is not correct. This fact is a direct consequence of the MPE in the frame of reference co-moving with a spinning test particle. We can also indicate two other arguments in support of the conclusion that the MPE do not contain tidal forces. For example, let us assume that tidal forces are present in the MPE. Then, these forces cannot disappear if we make the spin equal to zero (more exactly, the angular velocity of the inner rotation) in the MPE, because the tidal forces are connected with the dimension of a test particle and its nonrotating state does not remove them. However, if one puts a spin equal to 0, the MPE transform into geodesic equations, but not into equations of geodesic deviation. The geodesic equations do not contain tidal forces (in contrast to geodesic deviation ones, which do) and, therefore, the assumption that tidal forces are present in the MPE is not correct. It should be remembered that the tidal forces will be taken into account if we consider two close world lines (see 12], chapter 6, section 10, where a clear procedure for the derivation of geodesic deviation equations is given). However, the MPE, as well as geodesic equations, describe only one world line. Therefore, we can point out the place in the procedure of the MPE derivation where the tidal forces were neglected: when the world tube of a test particle was replaced with only one world line (see, e.g., 2], p. 250).
The second additional argument, which refutes the assumption that the presence of tidal forces is the reason for the deviation of a spinning test particle from the geodesic motion, is connected with the known fact that the MPE are the classical limit of the general relativistic Dirac equation 8]. Obviously, one cannot speak about tidal forces in the Dirac equation.
We stress: the authors of 7] do not provide a proof of the statement that tidal forces are present in the MPE; it is an assumption (hypothesis) only. In all probability, this assumption was caused by a too wide and universal interpretation of the weak equivalence principle in general relativity 10].
So, our investigation of the MPE demonstrates that in accordance with these equations there is a sole reason for the deviation of a spinning test particle from the geodesic trajectory in the Schwarzschild eld, namely, the gravitational spinorbit interaction 3,10,11]. Here we shall consider the circumstances under which this interaction increases and can essentially in uence the particle motion.
The mathematical criterion
When written in terms of the 4{vector velocity of the spinning particle u and its intrinsic angular momentum tensor S , the MPE take the form 
where M is a function depending on the particle mass; R is a curvature tensor; D=ds is a symbol of the covariant derivative with respect to the velocity vector derivation. The set of equations (1), (2) is incomplete. This incompleteness reects the physical assumptions made while obtaining (1), (2): these equations were derived without specifying any point inside the extended particle whose motion characterizes the motion of the particle as a whole. A natural desire to describe the mass center motion of a spinning particle leads to adding one more system which consists of three independent relations 1, 13, 14] S u = 0:
Equations (3) 
That is, the second derivatives from the velocity appear in equations (1) due to (3). Therefore, prescribing in equations (1){ (3) the initial values of coordinates velocity and spin only, we cannot be sure that we will obtain more than one solution of a complete system of the MPE. Indeed, equations (1){(3) in the Minkowski space already describe a family of spiral (circular, in particular,) orbits for a spinning particle in addition to linear motions 15, 16] . The physical reason for such solutions to appear was established by M oller 17]: in special relativity, in distinction from the Newtonian mechanics, the center of mass of a rotating body is located depending on the reference frame. Condition (3) separates the motion of a set of centres of mass rather than of a single center of mass. In this case the linear motion is executed by the proper center of mass (according to the terminology of 18]; it is the closest analog of the Newtonian center of mass) and the axis of rotation, while the unproper centers of mass engage in the spiral motion. All the centers of mass are inside the geometric size of a convex body 18].
To eliminate the second derivatives from the velocity in the MPE, instead of equations (1) was often considered. It means that for the analytic in spin solutions of the MPE only linear in spin terms of these equations were taken into account. However, it is necessary to have the estimations of the neglected terms in equation (1) 20] . It is shown that for any solution of the exact MPE (1){(3) with xed initial values of coordinates, velocity, and a spin of a particle (i.e. both for the solution describing the motion of the proper center of mass and the solutions of unproper centers), the neglect of the indicated terms of equation (1) leads to a relative error, in expressions for the energy or the initial acceleration of a particle, no less than 1/3 if 
in (6) 1, that is, the tangential component of the 4{velocity is ultrarelativistic. Such velocity corresponds to a large value of the particle orbital angular momentum.
So, the criterion of the increase of the gravitational spin-orbit interaction (6) determines su cient conditions under which the in uence of this interaction becomes so large that for its correct estimation it is necessary to go beyond the linear in spin approximation of the MPE. One can call (6) a mathematical criterion because it was obtained as the result of the formal comparison of equations (1) and (5) solutions. However, the criterion (6) has a physical meaning, too, and we will consider it below.
The energy criterion
Let us consider the energy of a spinning test particle for such equatorial motions in the Schwarzschild eld which can be described by the analytic in spin solutions of the MPE. (So, we exclude from the consideration the motions of unproper centers of mass ? is su ciently large. Therefore, we cannot be sure that the linear in spin term in (8) gives a good approximation for the energy, regardless of the value of the particle's ultrarelativistic orbital velocity. (Unfortunately, as usual, such a restricted analysis was the last point of the investigation on this problem, see, e.g., 22]). Indeed, we note that the absolute value of the quadratic in spin term of (8) is larger than that of the linear in spin term if ju ? ju 4 > Mr 3jS 0 j : (9) Obviously, the quadratic in spin term of (8), as well as any nite number of terms with spins in the series for the energy, cannot ensure a correct approximation for the energy in the whole range of the tangential velocity, including u 2 ?
1. Nevertheless, one can consider (9) as a criterion of the increase of the gravitational spin-orbit interaction. It is easy to see that in the case (u ? =u k ) 2 1 the criterion (9) is close to (6).
The force criterion
The absolute value of the spin-orbit force acting on a spinning test particle in the Schwarzschild eld from the viewpoint of a comoving observer is 3, 10, 11, 21] 
(for clarity, we separated in (10) the Newtonian gravitational force mM=r 2 and small quantity (7); equation (10) is written for equatorial motions only, the corresponding generalization for any motions see in 23]). Exactly, force (10) de ects the spinning particle motion from the geodesic free fall and is used in 10] for the analysis of the weak equivalence principle. One may consider (10) as a generalization of equation (44) from 5] for any velocities of a spinning particle. This generalization is not trivial and contains signi cant information on the gravitational spin-orbit interaction. Namely, when ju ? j 1 according to (10) and (7) (11) In accordance with (10), when non-equality (11) is ful lled, the spin-orbit force for a comoving observer is larger than the Newtonian force.
Conclusion
Although the three criteria of the increase of the gravitational spin-orbit interaction (6) , (9), (11) (12) So, if the { factor of an ultrarelativistic particle has an order of the small quantity (7) to the power ?1=2, the gravitational spin-orbit interaction cannot be neglected.
For example, without taking into account this interaction it is impossible to construct a strict theory of black holes. (Now theoretical conclusions concerning black holes are based on the analysis of geodesic world lines only). It is important that the partial solutions of the MPE in the Schwarzschild and Kerr elds demonstrate that the values of the { factor (12) are su cient for the realization of essentially nongeodesic circular orbits of a spinning test particle near the source of a gravitational eld 19, 24] . More exactly, tangential velocity on these orbits has the same order as the right-hand side of (12) .
Obviously, natural macroscopic bodies have too small velocities for their spinorbit interaction to be signi cant; but it is not the case with elementary particles. In particular, we obtain from (12) that an electron in its path near the Earth's surface acquires an additional nongeodesic acceleration (from the viewpoint of a comoving observer) which leads to the Newtonian acceleration of the free fall 9.8 m/s 2 if the electron's ultrarelativistic velocity corresponds to its free motion energy of the order of 10 15 eV, the value typical of cosmic rays. Another example: criterion (6) is ful lled for an electron near the surface of a neutron star with the mass approximately equal to the mass of the Sun if the corresponding energy is equal to 10 14 eV. So, the role of the gravitational ultrarelativistic spin-orbit interaction in the behaviour of elementary particles in strong gravitational elds is to be investigated. Отримано 10 березня 1998 р.
На основі рівнянь Матісона-Папапетру досліджено ґравітаційну спін-орбітальну взаємодію в ультрарелятивістичному діапазоні орбіталь-ної швидкості пробної частинки зі спіном у полі Шварцшільда. Про-аналізовано різні ознаки суттєвого зростання цієї взаємодії, коли танґенціяльна швидкість стає ультрарелятивістичною. Основним фактором росту є квадрат релятивістичного -фактора Лоренца. Наведено числові оцінки для високоенергетичного електрона біля поверхні Землі і нейтронної зорі. Підкреслено, що широко розповсю-джене припущення про припливні сили як причину відхилення проб-ної частинки зі спіном від геодезійної траєкторії є некоректним. Справжньою причиною такого відхилення є ґравітаційна спін-орбі-тальна взаємодія. 
